The constant pressure ratio process, as implemented in the floating pressure -Ganni cycle, is a new variation to prior cryogenic refrigeration and liquefaction cycle designs that allows for optimal operation and design of helium refrigeration systems. This cycle is based upon the traditional equipment used for helium refrigeration system designs, i.e., constant volume displacement compression and critical flow expansion devices. It takes advantage of the fact that for a given load, the expander sets the compressor discharge pressure and the compressor sets its own suction pressure. This cycle not only provides an essentially constant system Carnot efficiency over a wide load range, but invalidates the traditional philosophy that the ('TS') design condition is the optimal operating condition for a given load using the as-built hardware. As such, the Floating PressureGanni Cycle is a solution to reduce the energy consumption while increasing the reliability, flexibility and stability of these systems over a wide operating range and different operating modes and is applicable to most of the existing plants. This paper explains the basic theory behind this cycle operation and contrasts it to the traditional operational philosophies presently used.
INTRODUCTION
Traditional cryogenic helium refrigeration and liquefaction process cycles are designed at specified maximum capacity operating point(s). In practice however the actual refrigeration and/or liquefaction loads often vary. In addition the components used in the system do not always perform exactly as envisioned in the cycle design cases, which are traditionally represented by the TS design diagrams. As such, for design and off-design modes, it has been traditionally the practice to force the plant to operate at the design pressure and temperature levels established in the cycle design (referred to as the TS design conditions) by regulating the turbo expander inlet valves, thereby (presumably) keeping the sub-components close to their peak (design) efficiencies. Common methods for plant capacity reduction are the use of pressure-throttling valves, adding a load using heaters and/or bypassing the cold and/or warm helium gas. These methods in themselves introduce inefficiencies, presumably to maintain the TS design condition or close to it. So, for traditional process designs, the actual operating utility requirements (electric power, liquid nitrogen and cooling water requirements) per unit load (of refrigeration and/or liquefaction) significantly increases at reduced loads. Although these mechanisms reduce plant production, they have only a limited effect on reducing the required utilities to maintain high plant efficiency. These traditional methods are analogous to driving a car with a fully depressed gas pedal while controlling the actual speed with a brake.
Thus, the underlying assumption for traditional process designs is that the TS design condition is considered the optimum operating condition for the actual equipment and actual loads. The Floating Pressure Process -Ganni cycle has no such bias and instead adopts a non-interference control philosophy using only a few key process parameters. It assumes that most controls are for protecting the equipment; e.g., preventing expander temperatures from getting too cold (to maintain the required bearing capacity etc.), or preventing the 1 st stage compressor suction from going sub-atmospheric or some minimum pressure to ensure oil removal effectiveness etc. However, this can be easier said than done, since it is not uncommon for equipment manufacturers to provide very narrow operating limits to 'protect' the equipment from unknown or non-optimum conditions rather than truly protecting the equipment from damage. Also, the Floating Pressure Process -Ganni cycle only utilizes key process parameters that are the independent system process variables. This is contrary to many traditional process cycles that attempt to manipulate a sizeable number of variables presumably for process optimization and equipment protection. In this paper, the authors have attempted to demonstrate that the Floating Pressure Process -Ganni cycle invalidates the traditional philosophy that the TS design condition is the optimal operating condition for as-built hardware and actual loads.
BASIC FLOATING PRESSURE CYCLE
Consider the basic system consisting of one compressor working with a cold box containing a heat exchanger and a turbo expander as shown in FIGURE 1. This is a simplified arrangement for a typical gas (shield) refrigerator used in many applications (e.g., 20-K systems).
The control scheme for the Floating Pressure Process shown in FIGURE 1 operates as follows:
(a) Compressor bypass (BYP) will respond to prevent the compressor suction (p l,1 ) from going below the set (minimum) pressure (usually ~1.05 atm.). Basically, the sole function of the compressor bypass is to prevent the compressor suction from becoming sub-atmospheric. (b) Mass-in valve (MI) will respond by opening, charging the system with gas from the gas (or liquid) storage, if the compressor discharge pressure (p h,1 ) falls below the set point.
(c) Mass-out valve (MO) will respond by opening, discharging the system by sending gas out to gas storage, if the compressor discharge pressure (p h,1 ) rises above the set point. (d) There is a fixed offset in set points between the MI and MO valves (say ~0.2 to 0.3 atm.); with the MI valve set point lower than the MO valve set point. This offset is important for adjusting the charge in the system for a given load. (e) The compressor discharge set point is a function of the load. For this application, the discharge pressure set point is the output of a control loop that looks at the shield return temperature for its process variable. (f) During steady state operation, the MO, MI and BYP valves are ALL CLOSED. The availability to the cold box (and to the load) is set by the compressor system and is proportional to both the system mass flow and the logarithm of the (high to low) pressure ratio. For the Floating Pressure Process, the gas charge (i.e., system gas mass in the cycle) is manipulated by the MO and MI valves. Since the expander and compressor are essentially constant volume flow devices, they each set their own respective inlet pressures for a given mass flow rate at their operating temperatures. Since both devices have the same mass flow rate, this characteristic establishes a pressure ratio that is essentially invariant to the mass flow. So, for a given system gas mass charge, the discharge pressure is set by the expander flow coefficient and the suction pressure is set by the compressor displacement. Although, in theory, either the discharge or suction pressure signals could be used as the key process variable used (to adjust) to match a given load, in practice, using the discharge pressure provides larger signal and thus leads to a very stable system. The (essentially) constant pressure ratio maintains a (nearly) constant enthalpy drop across the expander (assuming constant efficiency) which results in an (approximately) invariant mass specific load enthalpy difference. Since isothermal compressor efficiency is primarily dependent on the pressure ratio [1] , with an essentially constant pressure ratio, the mass specific compressor input power is nearly constant. Further, as the system temperatures vary a picayune amount (even under varying load conditions), the mass specific load exergy is nearly invariant. This results in an essentially constant system Carnot efficiency over a very wide load range. The following illustrates this mathematically. 
Ntu HX number of transfer units
From the specified design load conditions, the compressor displacement capacity, expander flow coefficient and heat exchanger (HX) size are determined, considering the component limitations and best operating ranges for overall optimum efficiency [2, 3] . Now, assuming all the flow is going to the load (i.e., there is no bypass etc.),
Most of the helium refrigeration/liquefaction cycles are constructed with constant volume displacement compressors (e.g., screw, reciprocating compressors) and centrifugal turbo expanders. Also, assuming that there is no compressor bypass,
and,
Since the expander is essentially a constant volume flow device, the flow through the expander is (essentially) choked (or critical) flow,
For this analysis, we will assume C p to be constant and the same for both high and low pressure streams. Equating the compressor and expander mass flows, we have a characteristic pressure ratio that is essentially constant.
Now, examining T h,2 and T l,1 for the HX shown in FIGURE 1, since there is balanced flow in the HX, 
This means that if the mass flow decreases to 35% of the design flow (ξ = 0. 
where the compressor pressure ratio is
p , which is essentially constant [1] .
with,
(1 ) 
There are a few additional key observations from the above analysis: the velocity) at any point in the system remains approximately constant as the system pressure varies. This is readily apparent recalling that both the compressor and expander are constant volume flow devices. As such both the expander efficiency (i.e., one utilizing a variable brake) and the oil removal efficiency remain approximately constant (recalling that the control scheme will not allow any compressor bypass flow until the actual compressor suction pressure falls below the set point pressure). So, the Floating Pressure Process does not pose any additional threat to the compressor system oil removal as long as the compressor bypass is not used at reduced operating pressures.
2. In the first order, the pressure loss 3. The minimum turn-down (load decrease) before throttling and/or load heaters would be necessary is determined by the minimum compressor suction pressure (i.e., the set point, below which the compressor bypass opens) and/or the expander operational limit (equipment limitations such as bearing thrust or shaft natural frequency coincidence).
In summary so far, the Floating Pressure Process allows the system pressures to adjust (as previously described) at a nearly constant pressure ratio. In turn this provides an essentially constant system Carnot efficiency over a wide load range (i.e., capacity turn-down from the design load).
TS DIAGRAM DESCRIPTION
FIGURE 2 depicts the TS diagram for a shield refrigerator (as in FIGURE 1) at the ideal design conditions. That is, assuming ideal gas behavior with constant specific heat (i.e., fluid ideality), neglecting stream/load pressure drops, heat leak and non-constant rotating machinery efficiencies (i.e., process idealities). From this diagram, there are several initial observations to be made:
• Y-axis is the natural logarithm of temperature • Between any two arbitrary points '1' and '2', the difference in 's' values between these points is, If all components and loads were exactly as designed, the Floating Pressure Process would automatically adjust the system to operate at the TS design condition. However, in practice, no actual system operates exactly as per the 'TS' design conditions [4] . The main reasons are:
1. Given manufacturing and performance tolerances, it is practically impossible to exactly predict the performance of the components (e.g., compressors, expanders, heat exchangers, pressure drops, heat leaks, etc.).
2. The system is designed for maximum capacity or for some rare operating mode (like cool down) but is not required for normal operation.
3. The margins allocated (e.g., load, system capacity) in the system design are in the actual operating case either in excess of actual needs or not sufficient.
4. The load characteristics (e.g., refrigeration, liquefaction, actual load size) have changed or a different than as specified in the original design.
FIGURE 2. TS Diagram of Shield Refrigerator

CAPACITY MODULATION
So, to effect capacity modulation while maintaining optimal efficiency (i.e., a proportional decrease in input power to a given reduction in load) at off-design process conditions, it is crucial to maintain a (nearly) constant entropy difference ( s Δ ) at each temperature throughout (from warm end to cold end) and to allow the mass flow ( m & ) to decrease proportionally with the load ( L q ). Now, as is the case for the Floating Pressure Process, if r p is constant, then recalling the observations of the TS diagram description, it is straight-forward to recognize that • The mass specific availability to the cold box is essentially constant, and is equal to the area under the process path from (h,1) to (l,1); it is approximately equal to the mass specific isothermal compressor power, , , 
This floating pressure process is also a variable (mass) charge system. Referring to FIGURES 1 and 2 and Case #1 in FIGURE 3, as the load ( L q ) decreases and the mass out (MO) valve responds by releasing gas back to gas storage, the process cycle translates right without size change (i.e., 'floats') from the 'black' lined cycle to the dashed 'red' lined cycle. The pressure ratio remains essentially the same, but the system has decreased its gas charge, thereby decreasing the mass flow rate ( m & ). Therefore, the 'width' and 'height' of the process cycle remains essentially unchanged as the process responds to changes in the load. That is, the entropy difference between (h) and (l) streams at each temperature is nearly constant. It should be recalled that ,1 h T is fixed (by the compressor cooling water or 80-K liquid nitrogen pre-cooling) and the control system is maintaining
at the desired set-point. This load capacity modulation is done without introducing process mechanisms that in themselves produce exergy losses. Further, it is implicit that the expander adiabatic efficiency does not decrease with a load reduction (i.e., which is a good approximation for a variable brake expander and no flow throttling). Cases #2 to #6 in TABLE 2 and FIGURES 3 to 5 are traditional methods to achieve a turn-down (i.e., load reduction) in plant capacity. Also, Cases #2 to #4 and #6 maintain the same total compressor mass flow upon a decreasing load. Interestingly, only Case #2 follows the 'TS' path upon load turn-down (though it will be later shown that it is not necessarily more efficient to do so). Case #2 adds a heat load, so that the total heat load equals the design load. Cases #3 and #5 throttle the expander inlet valve to waste the availability generated by the compressor that is not required by the load. Case #3 maintains the design compressor suction pressure, but accumulates compressor bypass upon a decreasing load. Case #5 maintains zero compressor bypass, but this results in the compressor pressure ratio increasing upon a decreasing load (even though mass flow decreases). Case #6 reduces refrigeration produced by the expander by bypassing mass flow around the expander. Case #4 decreases discharge pressure upon a decreasing load, but maintains the design compressor suction pressure. Cases #4 and #6 can present compressor system oil removal problems due to decreasing discharge pressure, but no reduction in mass flow. In some instances, a combination of Cases #2 to #6 are also used for capacity modulation. In summary, except the floating pressure case (#1), all other cases waste some of the specific exergy developed by the compressor and do not allow the input power to decrease, in a significant way, upon a decreasing load. As such, only the Floating Pressure Process (Case #1) can offer an essentially constant efficiency upon a decreasing load. By relieving over-determinate process constraints, the Floating Pressure Process entreats the question of whether the TS design conditions are optimal for as-built hardware. That is, should the TS design conditions be coerced on as-built hardware to achieve optimal efficiency for the design load? The answer to this question can be found in examining off-design conditions by introducing a small variation in one of the equipment parameters. Referring to TABLE 3 and FIGURES 6 and 7 (Cases A to D), the 'black' lined cycle is the (intended) TS design condition and the dashed 'red' lined cycle is how the actual cycle would operate under the design load using the Floating Pressure Process for a small decrease from the design value for in the selected equipment parameter. If, instead of using the Floating Pressure Process (as discussed in Case #1), one of the load adjustment mechanisms in Cases #2 to #6 were implemented in attempting to bring the off-design condition back to the TS design condition (i.e., the 'black' line in FIGURES 6 and 7) one of two results would occur:
1. For the selected equipment parameter which is less than the design value, the shield load cannot be met and system Carnot efficiency is reduced. 2. For the selected equipment parameter which is greater than the design, the shield load can be met (matched) but at a system Carnot efficiency less than is possible. It is important to notice that the Floating Pressure Process is not contingent on precise instrumentation for successful operation, and in fact, will operate quite contently regardless of the calibration or accuracy of the instrumentation. This is due to decoupling specific values of process variables from presumed system load capacities.
THE GANNI CYCLE
The Floating Pressure Process is applicable not only for a shield refrigerator but also an isothermal refrigerator and/or a liquefier. FIGURE 8 depicts the superposition of several shield refrigerators [3, 4] , each operating at a progressively colder temperature level. This superposition of shield refrigerators is the 'recycle flow' or expander loop(s) in the traditional Claude cycle, and comprises 60 percent or more (up to 90 percent) of the total compressor flow. Of course, the 'shield' load for each expander in the Claude cycle is the cooling required for the liquefaction load, heat exchanger losses, heat leak and any shield loads that may be present.
